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Taking the 3-3-1 models (with SU(3)c⊗SU(3)L⊗U(1)Y gauge group) as examples, we study that a
class of new physics models with extended gauge group could undergo one or several first-order phase
transitions associated with the spontaneously symmetry breaking processes during the evolution
of the universe, which can produce detectable phase transition gravitational wave (GW) signals at
future GW experiments, such as LISA, BBO, DECIGO, SKA and aLIGO. These GW signals can
provide new sources of GWs with different peak frequencies, and can be used to probe the evolution
history of the universe.
PACS numbers:
I. INTRODUCTION
The observation of gravitational waves (GWs) by Ad-
vanced Laser Interferometer Gravitational Wave Obser-
vatory (aLIGO) [1] has initiated a new era of exploring
the cosmology, the nature of gravity as well as the fun-
damental particle physics by the GW detectors [2–9].
Especially, due to the limitation of the colliders’ energy,
GW detectors can be used as new or complementary tech-
niques to probe the existence of the new physics (NP)
by detecting the symmetry breaking patterns or phase
transition history for large classes of NP models with
an extended gauge group, which are motivated by the
mysterious experimental results in our understanding of
particle cosmology (such as the dark matter problem or
the puzzling observed baryon asymmetry of the universe),
and the absence of NP signals at current collider exper-
iments. The increasingly attractive NP models with an
extended gauge group have many new particles without
leaving obvious observable imprints at current particle
colliders. However, the GW experiments may provide a
possible approach to test their existence. For example, to
explain the baryon asymmetry of the universe via elec-
troweak (EW) baryogenesis, a strong first-order phase
transition (FOPT) is needed to realize the departure from
thermal equilibrium by extensions of the standard model
(SM) [10–12]. And during the FOPT, detectable GWs
will be produced through three mechanisms: collisions of
expanding bubbles, sounds waves, and magnetohydrody-
namic turbulence of bubbles in the hot plasma [13–20].
Phase transitions in particle physics and cosmology are
usually associated with the symmetry breaking, i.e. where
the universe transits from a symmetric phase to a sym-
metry broken phase when the temperature drops below
the corresponding critical temperature.
For the first time, we have a realistic chance to explore
NP with gauge symmetry breaking processes through
phase transition GW signals after the discovery of the
GWs by aLIGO, which is particularly exciting. In this
paper, we study the possibility to probe the gauge symme-
try breaking patterns and the phase transition history of
the early universe by the phase transition GW signals. In
particular, we focalize our analysis to GW detection of the
NP models with an extended non-Abelian gauge group,
where the symmetry breaking at each energy scale may
associate with a FOPT, as shown in Fig.1. The group
GHidden can spontaneously break into the SM gauge group
via one or several steps and strong FOPT can take place
in each step, which can produce detectable phase transi-
tion GWs. For example, the gauge group GHidden can be
the non-Abelian gauge group SU(3)c ⊗ SU(3)L ⊗ U(1)Y ,
which is called 3-3-1 model [21, 22]. We show that many
versions of the 3-3-1 model can produce at least one strong
FOPT at TeV scale in some parameter spaces, which can
produce detectable GW spectrum by the recently proved
Laser Interferometer Space Antenna (LISA) [23, 24], Big
Bang Observer (BBO) [25], Deci-hertz Interferometer
Gravitational wave Observatory (DECIGO) [26, 27], and
Ultimate-DECIGO [28]. In general, there can exist several
spontaneous symmetry breaking processes in NP mod-
els, which may also accompany several FOPTs with the
evolution of the universe as shown in Fig.1. If the scale
of the FOPT associated with the symmetry breaking is
about 107 − 108 GeV, the phase transition GW spectrum
may be within the sensitivity of future aLIGO. If the
strong FOPT occurs at the QCD phase transition scale in
some hidden QCD models [2], the produced GW signals
may be tested by pulsar time array (PTA) at the Square
Kilometre Array (SKA) [29] or the Five-hundred-meter
Aperture Spherical Telescope (FAST) [30].
This paper is organized as follows: In Section II, we
schematically discuss the GW detection of the gauge
group symmetry breaking and show how to calculate the
phase transition GWs during the FOPT. In Section III,
we will study the phase transition GW spectra in some
concrete models with extended gauge group. In Section
IV, we show our final discussions and conclusions.
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2FIG. 1: Symmetry breaking (phase transition) patterns in the
NP models with extended gauge group during the evolution
of the early universe, where FOPT may occur.
II. FIRST-ORDER PHASE TRANSITION
GRAVITATIONAL WAVE SPECTRUM
In a generic classes of NP models, one or several
cosmological phase transitions can occur during each
step’s symmetry breaking at different energy scale
with the evolution of the universe as shown in Fig. 1.
For example, the symmetry breaking pattern may be
G(HiddenN) · · · → G(Hidden1)→ G(SU(3)C ⊗ SU(3)L ⊗
U(1)Y)→ G(SU(3)C ⊗ SU(2)L ⊗U(1)X)→ G(SU(3)C ⊗
U(1)EM). With the evolution of our universe, symmetry
breaking will happen at corresponding energy scale, where
the strong FOPT may take place. Detailed models are
given in Section III.
With the evolution of the universe, the universe tran-
sits from a ‘false’ vacuum to a ‘true’ vacuum, and strong
FOPT occurs if there exists a sufficient potential barrier
between them. These processes can produce observable
stochastic GW signals, which can be detected in some
GW detectors, such as aLIGO, LISA, BBO, DECIGO,
Ultimate-DICIGO, SKA, FAST and so on. Their sensi-
tivity range for some critical temperatures depends on
the energy scale of the FOPT for different gauge group
extended models, as shown in Section III. To discuss the
GW spectra from FOPT, it is necessary to begin with the
one-loop finite temperature effective potential Veff(Φ, T ):
Veff(Φ, T ) = Vtree(Φ)+Vcw(Φ)+Vther(Φ, T )+Vdaisy(Φ, T ),
(1)
where Φ represents the order parameter field for the phase
transition, Vcw is the one-loop Coleman-Weinberg poten-
tial at T = 0, and Vther+Vdaisy is the thermal contribution
including the daisy resummation [50]. During each step
of symmetry breaking in the NP models with extended
gauge group, strong FOPT may occur. During a strong
FOPT, bubbles are nucleated via quantum tunneling or
thermally fluctuating the potential barrier with the nu-
cleation rate per unit volume Γ = Γ0(T )e
−SE(T ) and
Γ0(T ) ∝ T 4 [32], where SE(T ) ' S3(T )/T is Euclidean
action [33, 34] defined as
SE(T ) =
∫
dτd3x
[
1
2
(
dΦ
dτ
)2
+
1
2
(∇Φ)2 + Veff(Φ, T )
]
.
Then, Γ = Γ0e
−S3/T [32] and
S3(T ) =
∫
d3x
[
1
2
(∇Φ)2 + Veff(Φ, T )
]
. (2)
From the above equations, in order to obtain the nucle-
ation rate, the profile of the scalar field Φ needs to be
calculated by solving the following bounce equation:
d2Φ
dr2
+
2
r
dΦ
dr
− ∂Veff(Φ, T )
∂Φ
= 0, (3)
with the boundary conditions dΦdr (r = 0) = 0 and
Φ(r =∞) = Φfalse. The bounce equation can be solved
numerically using the overshoot/undershoot method. The
FOPT terminates when nucleation probability of one bub-
ble per horizon volume is of O(1), i.e., Γ(T∗) ' H4∗ . That
is to say, it should satisfy
S3(T∗)/T∗ = 4 ln(T∗/100GeV) + 137. (4)
It is known that there exist three sources for producing
GWs during the FOPT, which are collisions of the vacuum
bubbles [16], sound waves [17] and turbulence [18, 19] in
the plasma after collisions, respectively.
The most well-known source is the bubbles collisions,
and the corresponding phase transition GW spectrum
depends on four parameters. The first parameter is the
ratio α of the vacuum energy density released in the phase
transition to that of thermal bath, defined as
α ≡ ∆Veff(T∗)− T
∂∆Veff (T∗)
∂T
ρrad(T∗)
, (5)
where ∗ specifies that the quantity is evaluated at T∗
determined by Eq.(4). The parameter α measures the
strength of the phase transition GWs, namely, larger
values for α correspond to stronger phase transition GWs.
The second one is the time duration of the phase transition
β−1 with β ≡ −dSEdt |t=t∗ ' 1Γ dΓdt |t=t∗ , and one has
β
H∗
= T
d(S3/T )
dT
∣∣∣∣
T=T∗
(6)
since β = Γ˙/Γ during the phase transition from its def-
inition. In other words, β−1 corresponds to the typical
time scale of the phase transition. The third one is the
efficiency factor λco, which characterizes the fraction of
the energy density converted into the motion of the col-
liding bubble walls. And the last one is the bubble wall
velocity vb. Here, for simplification, we choose the de-
fault value vb = 0.7. Explicit calculations on the bubble
wall velocity are beyond the scope of this work. The
energy released into the GWs of peak frequency [35] is
ρGW,co
ρtot
∼ θco
(
H∗
β
)2
λ2co
α2
(1+α)2 v
3
b .
The second and third sources are the GWs from the
matter fluid effects, which can further contribute to the
total energy released in gravitational radiation during
the phase transition. Here, we just use the formulae
3given in Ref [36]. The second source is from the sound
waves in the fluid, where a certain fraction λsw of the
bubble wall energy (after the collision) is converted into
motion of the fluid (and is only later dissipated) [36] with
ρGW,sw
ρtot
∼ θsw
(
H∗
β
)
λ2sw
(
α2
(1+α)2
)
. The third source is
from turbulence in the fluid, where a certain fraction λtu
of the walls energy is converted into turbulence [36] with
ρGW,tu
ρtot
∼ θtu
(
H∗
β
)
λ
3/2
tu
(
α3/2
(1+α)3/2
)
. It is worth noticing
that these two contributions from the matter fluid effects
depend on H∗/β linearly, and they are not fully under-
stood. In some cases, these two effects may be larger than
the one from bubble collisions.
The peak frequency produced from bubble collisions
at T∗ during the FOPT is given by [37, 38]: f∗co =
0.62β/(1.8 − 0.1vb + v2b ). Considering the adiabatic ex-
pansion of our universe from the early universe to the
present universe, the ratio of scale factors at the time of
FOPT and today can be written as a∗a0 = 1.65×10−5Hz×
1
H∗
(
T∗
100GeV
)(
gt∗
100
)1/6
. Thus, the peak frequency today
is fco = f
∗
coa∗/a0, and the corresponding GW intensity is
given by [37]
Ωco(f)h
2 '1.67× 10−5
(H∗
β
)2( λcoα
1 + α
)2(100
gt∗
) 1
3
×
( 0.11v3b
0.42 + v3b
)[ 3.8(f/fco)2.8
1 + 2.8(f/fco)3.8
]
.
The peak frequency of the GW signals from sound wave
effects is about fsw = 2β/(
√
3vb)a∗/a0 [17, 36] with the
GW intensity [17, 36, 39]
Ωsw(f)h
2 '2.65× 10−6
(H∗
β
)( λswα
1 + α
)2(100
gt∗
) 1
3
vb
×
[ 7(f/fsw)6/7
4 + 3(f/fsw)2
]7/2
,
in which λsw ' α (0.73 + 0.083
√
α+ α)
−1
[39] for rela-
tivistic bubbles.
The GW signals from the turbulence have the peak
frequency at about ftu = 1.75β/vb a∗/a0[36] and the
intensity [19, 40]:
Ωtu(f)h
2 '3.35× 10−4
(H∗
β
)( λtuα
1 + α
)3/2(100
gt∗
) 1
3
vb
× (f/ftu)
3
(1 + f/ftu)11/3(1 + 8pifa0/(a∗H∗))
.
The final phase transition spectra consist of the three
contributions above.
III. PHASE TRANSITION GRAVITATIONAL
WAVES FROM NON-ABELIAN GAUGE GROUP
EXTENDED MODELS
In this section, we discuss the phase transition GWs in
some NP models with extended non-Abelian gauge group,
where one or several strong FOPTs may occur with the
evolution of our universe at certain critical temperature.
Firstly, the GW spectra in the gauge group extended
models based on the SU(3)c ⊗ SU(3)L ⊗ U(1)Y gauge
symmetry, commonly known as the 3-3-1 models [21, 22]
are investigated. The 3-3-1 models can naturally explain
the electric charge quantization and three generations
of fermions [21, 22]. The collider phenomenology of the
3-3-1 models have been extensively studied, such as the
recent Ref. [41] and references therein, and the phase
transitions in some versions of 3-3-1 models have been
studied in Refs. [42–44]. So far, no obvious NP signals are
discovered at the LHC, including the 3-3-1 models. Here,
we use the GW signals to explore the NP models and their
phase transition patterns in three versions of the 3-3-1
models (We discuss the minimal and the economical 3-3-1
model in details, and only show the main results of the
reduced minimal 3-3-1 models.) [42–44], where the scalars
fields are accommodated in different representations of
the SU(3)L gauge group in each version.
For simplicity, we limit our discussions of the FOPT to
the thermal barrier case, where the potential barrier in
the finite temperature effective potential origins from
thermal effects. In this case, the bosonic fields con-
tribute to the thermal effective potential of the form
Veff 3 (−T/12pi)
(
m2boson(X,T )
)3/2
in the limit of high-
temperature expansion. For qualitative sketch of this type
of FOPT, we show the general effective potential near the
phase transition temperature, which can be approximated
by
Veff(X,T ) ∼
(−µ2 + c T 2)X2
2
− e T (X
2)3/2
12pi
+
λ
4
X4.
(7)
Here, X represents the order parameter field for the
phase transition. For the EW phase transition in the
SM, X field is just the Higgs field. The parameter
e quantify the interactions between X field and the
light bosons, and can be schematically written as e ∼∑
light boson(degrees of freedom) × (coupling to X)3/2.
And, the parameters c depends on interaction between
X and light particles. For the heavy fields whose masses
are much larger than the critical temperature, their con-
tribution can be omitted from Boltzmann suppression.
This can help to simplify our discussions when the models
have many new fields at different energy scales. Thus,
in this case of qualitative analysis, the wash out param-
eter can be obtained as 〈X〉(Tc)Tc ≈ e6piλ , where the angle
bracket <> means the vacuum expectation value (VEV)
of the field X at Tc. From the above qualitative analysis,
we know that introducing new light bosonic fields (com-
pared to the corresponding critical temperature) helps
to produce or enhance the FOPT. The 3-3-1 models just
introduce enough bosonic fields to produce detectable
phase transition GWs.
4A. Gravitational wave spectrum in the minimal
3-3-1 model
We firstly consider the phase transition GW spectrum
in the so-called minimal 3-3-1 model [42], which corre-
sponds to the electric charge operator Q = T3−
√
3T8 +xI.
Here, x represents the U(1) charge, and T8 and T3
are the generators. The gauge bosons, associated with
the gauge symmetry SU(3)L ⊗ U(1)Y , consist of an
octet W iµ (i = 1, · · · , 8) and a singlet Bµ. In this
model, three SU(3)L triplets scalars (η =
(
η0 η−1 η
+
2
)T
,
ρ =
(
ρ+ ρ0 ρ++
)T
, χ =
(
χ− χ−− χ0
)T
) are needed to
break the gauge symmetry, and generate the masses of the
gauge bosons and the exotic quarks. The scalar potential
in terms of ρ, η and χ is given as [42, 45]
V (ρ, η, χ) = µ21η
†η + λ1
(
η†η
)2
+ µ22ρ
†ρ
+ λ2
(
ρ†ρ
)2
+ µ23χ
†χ+ λ3
(
χ†χ
)2
+
[
λ4
(
ρ†ρ
)
+ λ5
(
χ†χ
)] (
η†η
)
+ λ6
(
ρ†ρ
) (
χ†χ
)
+ λ7
(
ρ†η
) (
η†ρ
)
+ λ8
(
χ†η
) (
η†χ
)
+ λ9
(
ρ†χ
) (
χ†ρ
)
+
1
2
(
f1
ijkηiρjχk + H. c.
)
. (8)
The new gauge bosons acquire masses at several TeV
scale when the SU(3)L × U(1)Y group breaks down to
SU(2)L×U(1)X triggered by the SU(3)L triplet scalar χ,
while the ordinary quarks and SM gauge bosons obtain
their masses during the last step symmetry breaking
trigged by the triplet scalar fields η and ρ. There exist
three CP-even neutral scalars including the lightest one
which corresponds to the SM Higgs boson h and the
other heavier scalar bosons H01 and H
0
2 . There is also a
massive Z ′ gauge boson, which has been constrained by
the current LHC data.
Numerically, we find that there are parameter spaces al-
lowed by the collider constraints [46] that can give a strong
FOPT, when the gauge group spontaneously breaks from
SU(3)L × U(1)Y to SU(2)L × U(1)X [42]. During this
phase transition, the order parameter field X here is just
the H01 field. Then, the phase transition GW spectrum
can be obtained from the above GW spectrum formulae.
Since this model has so many free parameters, which
makes it very complicated to study the whole parameter
regions allowed, we only show some sets of benchmark
points, which are favored by the collider data and the
conditions of a strong FOPT. Since from the collider con-
straints (especially the constraints from new gauge boson
Z ′ at LHC) favor the parameter spaces with 〈χ0〉 & 3 TeV
and Z ′ > 5 TeV, the typical benchmark sets allowed by
collider constraints and strong FOPT are shown in Tab. I
with the corresponding GW signals in Fig. 2. The GW
signals include all the contributions from bubble collision,
turbulence and sound wave, which are calculated from
Eq.(1) by modifying the package ‘CosmoTransitions’ [48]
. The detailed discussions on the collider constraints and
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FIG. 2: The GWs spectra in the minimal 3-3-1 model. The
colored regions correspond to the expected sensitivities of
GWs interferometers LISA and BBO, respectively. The red
line, green line and black line depict the phase transition GW
spectrum for the benchmark sets I, II, III in Tab. I, respectively,
during SU(3)L ⊗ U(1)Y → SU(2)L ⊗ U(1)X .
signals are given in the recent Ref. [41] and references
therein. Taking the benchmark set III as an example,
when 〈χ0〉 = 5.1 TeV and mZ′ = 5.2 TeV, the correspond-
ing GW spectrum is shown as the black line in Fig. 2,
which is within the sensitivities of LISA and BBO. The
red and green line in Fig. 2 depicts the GW spectrum for
the benchmark set I and II, respectively. DECIGO and
Ultimate-DECIGO can also detect these GW signals.
Benchmark set 〈χ0〉[TeV] mZ′ [TeV] (T∗, α, βH∗ )
I.Red line in Fig.2 6.1 6.2 (1.21 TeV, 0,70, 534)
II.Green line in Fig.2 5.4 5.5 (0.82 TeV, 0.69, 619)
III.Black line in Fig.2 5.1 5.2 (0.71 TeV, 0.78, 582)
TABLE I: The benchmark sets in the minimal 3-3-1 model
for the strong FOPT after considering the constraints from
current experimental data.
It is worth simply discussing what makes the GW signal
from the TeV FOPT available for LISA and significantly
larger than that of the EW phase transition. It is because
the FOPT discussed here comes from the the potential
barrier in the finite temperature effective potential by
thermal effects. Thus, the phase transition strength is
proportional to e ∼ ∑light boson(degrees of freedom) ×
(coupling to X)3/2, namely, the summation of the effective
couplings between the order parameter field and the ther-
mal particles (To make efficient thermal contributions,
the particle masses should be much less than 3Tc.). For
the EW phase transition, the order parameter field is
the Higgs field and only the particles whose masses are
smaller than 1 TeV can make thermal contributions to
the EW phase transition. Thus, some new heavy boson
in the minimal 3-3-1 model can not make sufficient con-
tributions to the EW phase transition when their masses
are much heavier than the critical temperature (The crit-
5ical temperature of EW phase transition is about 100
GeV). Further, the couplings between the Higgs boson
and other particles are greatly constrained by current
data, especially the diphoton decay data, see the detailed
discussions on the tensions between strong EW FOPT
and LHC data in Ref. [47]. That is why the EW phase
transition is rather weak. For the TeV phase transition,
the critical temperature is around 1 TeV, and most of the
bosons can make efficient thermal contributions to the
phase transition. And the order parameter field in TeV
phase transition is the new scalar field H01 , whose col-
lider constraints on the couplings between H01 and other
particles are not as strong as the Higgs boson case.
B. Phase transition gravitational wave spectra in
the economical 3-3-1 model and the reduced
minimal 3-3-1 model
In the economical 3-3-1 model [43], one chooses the
simplest SU(3)L representations for the scalar fields with
spontaneously symmetry breaking, namely, two complex
scalar triplets (χ =
(
χ01, χ
−
2 , χ
0
3
)T ∼ (3,− 13) and φ =(
φ+1 , φ
0
2, φ
+
3
)T ∼ (3, 23)) with different hypercharge are
needed. The scalar potential is written as
V (χ, φ) = µ21χ
†χ+ λ1(χ†χ)2 + µ22φ
†φ+ λ2(φ†φ)2
+λ3(χ
†χ)(φ†φ) + λ4(χ†φ)(φ†χ). (9)
The SU(3)L ⊗ U(1)Y gauge group is broken sponta-
neously via two steps. In the first step, the symme-
try breaking SU(3)L ⊗ U(1)Y → SU(2)L ⊗ U(1)X hap-
pens when the triplet scalar χ acquired the VEV given
by 〈χ〉 = 1√
2
(u, 0, ω)
T
with ω  v  u. In the
last step, to break into the SM U(1)EM gauge group
SU(2)L ⊗ U(1)X → U(1)EM, another triplet scalar φ is
needed to acquire the VEV as 〈φ〉 = 1√
2
(0, v, 0)
T
. In this
version of 3-3-1 model, there exist two neutral scalars, one
is the SM Higgs boson h, the other is the heavy scalar H1.
It also contains singly charged Higgs boson H±2 . There
are also two new heavy neutral gauge bosons Z2 and X0,
and the singly charged gauge boson Y ±. In this work,
the modified package ‘CosmoTransitions’ [48] is used to
numerically calculate the FOPT using full one-loop ther-
mal potential. During the first time symmetry breaking,
the order parameter field for the phase transition is the
H1 scalar field, namely, the X = H1. Strong FOPT at
the TeV scale can be induced by the new bosons and
exotic quarks if the masses of these new particle are from
100 GeV to several TeV. During the last time symmetry
breaking SU(2)L ⊗ U(1)X → U(1)EM, the order parame-
ter field for the phase transition is just the Higgs boson
field, namely, X = h if it is compared to Eq.(7). FOPT
at the EW scale can be triggered by the new bosons.
Considering the current constraints from collider data,
we have u < 2.5 GeV and 1 TeV < ω < 5 TeV [43]. We
take conservative estimation of the parameter spaces for
ω larger than 3 TeV here, with some reduced parameter
spaces shown in Tab. II. The corresponding (T∗, α, βH∗ )
is shown in Tab. III. There is a different aspect from the
view point of GW signal that in the economical 3-3-1
model both the two step symmetry breaking can be the
strong FOPT, which will produce two copies of GWs.
Benchmark set ω[TeV] mH1 [TeV] T∗[TeV] mH±2
TeV]
I. Black lines in Fig.3 3.0 0.80 0.94, 0.16 1.4
II. Green lines in Fig.3 4.0 1.30 1.26, 0.11 2.5
TABLE II: The benchmark sets in the economical 3-3-1 model
for two FOPTs after considering the constraints of current
experimental data. The T∗ represents the corresponding nu-
cleation temperature for the first step FOPT and the second
step FOPT, respectively.
Benchmark set (T∗, α, βH∗ ) (T∗, α,
β
H∗ )
I.Black Fig.4 (0.94 TeV, 0.59, 305) (0.16 TeV, 0.14, 612)
II.Green Fig.4 (1.26 TeV, 0.68, 413) (0.11 TeV, 0.19, 710)
TABLE III: The corresponding nucleation temperature T∗, α
and β
H∗ of each FOPT for the different benchmark set in the
economical 3-3-1 model.
For the set II of benchmark points with ω = 4 TeV,
mH1 = 1.3 TeV, mH±2
= 2.5 TeV allowed by current
experiments, using the methods and formulae above, these
two FOPTs will produce two copies GW spectra with
different characteristic peak frequency and amplitude, as
shown by the green lines in Fig. 3. The right green line
represents the GW signal produced at the first FOPT at
TeV scale, and the left green line depicts the GW signal
produced at the second FOPT at EW scale. It shows
that the phase transition GWs can be used to explore this
NP model and its phase transition patterns by LISA and
BBO. The GW signals are also visible for DECIGO and
Ultimate-DECIGO. There are also two reasons why the
TeV FOPT is stronger than the EW FOPT. One reason is
that the couplings of Higgs boson to other particles in EW
phase transition are greatly constrained by LHC data,
and constraints on the couplings of the new scalar bosons
to other particles in TeV phase transition are weaker than
the Higgs boson case. The other reason is that there
are more effective thermal particles in the TeV phase
transition case compared to the EW phase transition case
since the critical temperature in the TeV phase transition
is obviously higher than the temperature in the EW phase
transition.
The GW spectra in the reduced minimal 3-3-1 model
is similar to the one of the economical 3-3-1 model since
their symmetry breaking and phase transition patterns
are similar to the economical model. The reduced minimal
3-3-1 model is mainly composed by neutral scalars h, H1,
doubly charged scalar h++, two SM like bosons Z1, W
±,
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FIG. 3: The phase transition GW spectra h2ΩGW for the
benchmark sets in the economical 3-3-1 model. The colored
regions correspond to the expected sensitivities of GW in-
terferometers LISA and BBO, respectively. The black lines
depict the GW spectra of the benchmark set I for the two
FOPTs during SU(3)L ⊗ U(1)Y =⇒ SU(2)L ⊗ U(1)X at the
TeV (right line) scale and SU(2)L⊗U(1)X =⇒ U(1)EM at the
EW scale (left line), respectively. The green lines represent
the corresponding GW spectra for the benchmark set II.
the new heavy neutral boson Z2, the singly and doubly
charged boson U±± and V ±. These new particles and ex-
otic quarks can be triggers for the strong FOPT [44]. We
show some benchmark sets for the strong FOPT allowed
by the collider constraints in Tab. IV. The corresponding
(T∗, α, βH∗ ) is shown in Tab. V. Two copies GW spectra
from two FOPTs are produced at different energy scales,
as shown in Fig. 4, which can be detected by LISA and
BBO. DECIGO and Ultimate-DECIGO can also detect
these GW signals. Since from the perspective of the GW
signals, the reduced minimal 3-3-1 model has no obvious
differences with the economical 3-3-1 model, we will not
discuss this model in detail.
Benchmark set 〈χ0〉[TeV] mH1 [TeV] T∗[TeV] mh++ [TeV]
I.Black Fig.4 3.0 1.0 0.84, 0.080 1.9
II.Green Fig.4 4.0 1.3 1.23, 0.082 3.3
TABLE IV: The benchmark sets in the reduced minimal 3-
3-1 model for the two strong FOPTs after considering the
constraints of current experimental data. The T∗ represents
the corresponding nucleation temperature for the first step
FOPT and the second step FOPT, respectively.
C. Discussions on gravitational wave spectra in
new physics models with hidden gauge group
In general, if the SM is extended by non-Abelian gauge
group, FOPT may occur associated with each step’s spon-
Benchmark set (T∗, α, βH∗ ) (T∗, α,
β
H∗ )
I.Black Fig.4 (0.84 TeV,0.51,330) (0.08 TeV,0.12,659)
II.Green Fig.4 (1.23 TeV,0.7,490) (0.082 TeV,0.16,719)
TABLE V: The corresponding nucleation temperature T∗, α
and β
H∗ of each FOPT for the different benchmark set in the
reduced minimal 3-3-1 model.
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FIG. 4: The phase transition GW spectra h2ΩGW for the
benchmark sets in the reduced minimal 3-3-1 model. The
colored regions correspond to the expected sensitivities of GW
interferometers LISA and BBO, respectively. The black lines
depict the GW spectra of the benchmark set I for the two
FOPTs during SU(3)L ⊗ U(1)Y =⇒ SU(2)L ⊗ U(1)X at the
TeV scale (right line) and SU(2)L⊗U(1)X =⇒ U(1)EM at the
EW scale (left line), respectively. The green lines represent
the corresponding GW spectra for the benchmark set II.
taneously symmetry breaking processes, where the phase
transition GWs may be produced and can be used to test
the hidden NP models with gauge symmetry breaking.
Thus, the phase transition GWs can be used to test the
hidden symmetry breaking during the evolution of the
universe. One class of well-motivated models is the phase
transition GW signals in dark matter models with SU(N)
hidden gauge group, which are discussed in Ref. [2]. If the
hidden QCD phase transition scale is about O(100) MeV,
the FOPT can produce phase transition GWs with the
peak frequency in the 10−9 − 10−7 Hz range [2], which
can be probed by the PTA GW experiments, such as the
SKA or FAST. A schematic GW spectrum for the hidden
QCD phase transition is shown in Fig. 5 with the red line.
The study in Ref. [2] may applies to other cases of dark
QCD models, such as the case of dark QCD in the famous
relaxion mechanism [31]1, and another novel mechanism
called “Nnaturalness” [49]2.
1 The relaxion mechanism can technically relax the EW hierarch
and the light Higgs mass comes from the dynamical cosmologi-
7On the other hand, if a FOPT takes place at a critical
temperature of O(107–108) GeV [5, 53], such as some
versions of grand unified models, this could potentially
produce detectable GWs spectrum in the future aLIGO
or aLIGO-like experiments, and provide us with a unique
probe of the hidden NP models at very high energy scale,
which is not directly accessible by particle colliders. The
schematic GW signal is shown as the purple line in Fig. 5.
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FIG. 5: Schematic phase transition GW spectra during the
evolution of our universe. The colored regions represent the
expected sensitivities of GW detectors aLIGO, LISA, BBO
and SKA, respectively. The red line depicts the possible GW
spectrum if the FOPT occurs at the scale of O(100) MeV in
some hidden QCD models [2]. The black line represents the
GW spectrum for the FOPT at TeV scale in some models with
extended gauge group. The purple line corresponds to the GW
spectrum when the FOPT occurs at the scale of O(10000) TeV
in some NP models with hidden symmetry breaking process.
IV. CONCLUSIONS
In Fig. 5, the schematic FOPT GW spectra h2ΩGW
during the evolution of our universe are shown for a generic
classes of NP models with non-Abelian symmetry breaking
at different energy scales. The colored regions represent
the expected sensitivities of the GW detectors SKA, BBO,
LISA and aLIGO, respectively. The red line depicts
the possible GW spectrum in a class of hidden QCD
models [2], where the FOPT occurs at the scale of O(100)
MeV and the associated GWs can be detected by the PTA
experiments, such as SKA or the FAST built in China.
The black line represents the GW spectrum for the FOPT
at TeV scale in a large classes of NP models with gauge
symmetry breaking. As examples, we have shown that
three versions of the 3-3-1 models discussed above could
produce detectable GWs at TeV scale when the gauge
symmetry SU(3)L ⊗ U(1)Y breaks to SU(2)L ⊗ U(1)X .
Especially, in the economical and reduced minimal 3-3-1
models, two FOPTs can take place, which will produce
two copies GW spectra with different characteristic peak
frequencies. In general, large classes of NP models with
FOPT at the scale from O(100) GeV to several TeV can
be tested at future laser interferometer GW detectors
in space, such as the recently proved LISA [24], BBO,
DECIGO, Ultimate-DECIGO, Taiji and TianQin [54].
The purple line corresponds to the GW spectrum in some
hidden NP models where the FOPT takes place at the
scale of O(10000) TeV. The GW signals are within the
sensitivity of the future aLIGO and provide us with a
unique detection of the hidden gauge symmetry breaking
at high energy scales beyond the abilities of LHC.
It is worth noticing that this is the first study on that
the universe could produce more than one copies of phase
transition GW signal with both solid calculation in realis-
tic NP models (such as two GW signatures with different
characteristics result from two FOPT in the economical
and reduced minimal 3-3-1 models) and generic discus-
sions. Our study also includes the detailed study on phase
transition GWs produced at TeV scale in realistic particle
physics models.
To conclude, GW signals become a new and realistic ap-
proach to explore the the symmetry breaking patterns in
particle cosmology after the discovery of GWs at aLIGO.
For cosmology, we can only hear the non-trivial cosmolog-
ical phase transitions using GWs to explore the evolution
of the universe. For particle physics, this GW approach
can compensate for the colliders, and provide a novel
approach to probe the symmetry breaking or phase tran-
sition patterns. We are in an exciting expedition towards
the revolutionary discovery of the NP models and cosmo-
logical phase transitions at GW detectors. More detailed
study will be discussed in our future work [52].
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